Introduction {#s1}
============

Flooding adversely affects plants by reducing ATP synthesis that is accompanied by carbohydrate starvation. Carbohydrate limitation results from suboptimal photosynthesis and carbohydrate metabolism. Elevated levels of reactive oxygen species (ROS, Blokhina et al., [@B9]) as well as disruption in root hydraulic conductance and mineral absorption (Holbrook and Zwieniecki, [@B21]; Tournaire-Roux et al., [@B69]) have been reported for plants under flooding conditions. Furthermore, excess water facilitates disease spread, especially fungal and oomycete pathogens that affect roots. Several studies reported a high correlation of flooding stress with soybean (*Glycine max* L.) stem/root rot damage (caused by *Phytophthora sojae*; Cornelious et al., [@B14]; Helms et al., [@B20]; Nguyen et al., [@B50]; Valliyodan et al., [@B71]), or with *Pythium* spp. in dry bean (*Phaseolus vulgaris* L.; Li et al., [@B37]).

Plants have evolved different mechanisms to cope with flooding stress. To deal with hypoxic conditions that result from flooding, plants use either escape or quiescence strategies (Colmer and Voesenek, [@B13]). The escape strategy is characterized by plants developing new organs or modifying the morphology of existing organs to facilitate oxygen intake from the surrounding environment. The escape strategy includes development of adventitious roots, shoot elongation, and aerenchyma formation (Colmer and Voesenek, [@B13]). When utilizing the quiescence strategy, plants actively suppress any morphological changes related to the escape strategy to minimize energy consumption. During quiescence, carbohydrate catabolism provides the energy for critical pathways required for plant survival. These strategies vary among species and are often defined by the dominant flooding regime in the environment to which a particular species has adapted. Due to intrinsic fitness trade-off between the escape and quiescence strategies, both cannot be adopted at the same time. Colmer and Voesenek ([@B13]) have argued that the escape strategy is more important in environments with prolonged flooding, while the quiescence strategy is more important in environments that experience transient flooding. Similarly, a wide diversity of responses to flooding stress have been reported in crops (Setter and Laureles, [@B62]; Valliyodan et al., [@B71]; Soltani et al., [@B65]). Although some crops, such as lowland rice (*Oryza sative* L.), are well-adapted to flooding, the majority of economically important crops, including common bean, are susceptible.

Common bean is the most important edible legume, providing protein, fiber, macro-, and micro-nutrients for direct human consumption worldwide (Messina, [@B46]). Morphological, biochemical, and molecular evidence suggests that *P. vulgaris* originated in Mexico, then a subset of this species migrated to Central America and the Andes in South America (Bitocchi et al., [@B7]). Humans are responsible for multiple independent domestication events of common bean, in both Middle America and South America (Gepts et al., [@B18]). Eco-geographic variation within the Middle American and Andean gene pools resulted in the creation of races (Singh et al., [@B63]). At least three races were characterized in the Middle American gene pool, including Durango, Jalisco, and Mesoamerica (Singh et al., [@B63]). Within the Andean gene pool, three major races include Nueva Granada, Chile, and Peru. Modern market classes of beans are derived from each gene pool and are defined primarily based on the seed color, shape, and size (Singh et al., [@B64]). The commonly produced market classes of beans in the U.S., pinto, great northern, pink, small red, black, and navy, are from the Middle American gene pool. Kidney and cranberry beans are the most common market classes from the Andean gene pool commercially grown in the U.S. (Singh et al., [@B64]).

While common bean production is adversely affected by a variety of biotic and abiotic stresses, excess water has recently been reported as the main production issue in North Dakota, the largest producer of dry bean in the U.S. (Knodel et al., [@B30], [@B31], [@B29]). During the growing season of 2016, 16,700 acres (28% of the total dry bean farmlands in North Dakota) were negatively impacted by excess water (Knodel et al., [@B29]). Excess water is often accompanied by diseases such as white mold (*Sclerotinia sclerotiorum*), common bacterial blight (caused by *Xanthomonas axonopodis* pv. *phaseoli*), and root rot (caused by *Pythium* spp.; Knodel et al., [@B31]). The presences and virulence of parasitic *Pythium* (Oomycota) species are dependent on the edaphic and environmental factors (Rojas et al., [@B58]; Rossman et al., [@B59]). In North Dakota, dry bean production occurs mostly in the Red River Valley. The majority of the soils in this region drain poorly with the water table at or near the soil surface (Miller and White, [@B48]). These soils are usually characterized by a high content of expansive clay (USDA-NRCS., [@B70]). Heavy rainfall incidents at the early growth stages of common bean (germination, emergence, and establishment) causes flooding in these poorly-drained farmlands, which result in lower plant densities and significant seed yield losses. Tile drainage is often used as a solution but it is expensive (Kandel et al., [@B28]). Therefore, the use of genetic tolerance may be a more efficient and less expensive option to cope with flooding stress assuming there is genetic variation for tolerance within the bean germplasm.

To develop an efficient breeding strategy for dry bean, understanding the variation of flooding tolerance among genotypes and its underlying genetic architecture is crucial. Genomic loci associated with flooding tolerance have been identified in several legume species, including soybean (VanToai et al., [@B72]; Sayama et al., [@B60]; Osman et al., [@B51]). A recent study on flooding tolerance in a panel of Middle American germplasm revealed that responses of genotypes to flooding at early stages (germination and seedling) could be grouped based on eco-geographical races (Soltani et al., [@B65]). Further, several genomic regions associated with flooding tolerance were detected, including a region on Pv08 that was associated with several flooding tolerance traits at the seedling stage.

Here, we evaluate the responses of Andean common bean germplasm to flooding. By conducting the study on the Andean germplasm, we could compare and contrast our findings with results from the distinct Middle American germplasm (Soltani et al., [@B65]). The current study was designed to address two major objectives: (1) to identify the most tolerant Andean genotypes under the excess water condition to be used in genetic improvement, and (2) to identify the genomic regions associated with the tolerance response within Andean germplasm under flooding conditions. The results of this study pave the way for the development of new dry bean varieties that can better tolerate flooded environments.

Materials and methods {#s2}
=====================

Plant material
--------------

A subset of photoperiod insensitive genotypes (*n* = 277) from the Andean Diversity Panel (ADP; Cichy et al., [@B12]) were evaluated in this study. These genotypes were collected from several geographical regions, including Africa (*n* = 147), North America (*n* = 83), Central America (*n* = 26), South America (*n* = 12), and Eurasia (*n* = 9). The purple-podded cultivar Royalty was included in this experiment as a tolerant check based on previous results (Soltani et al., [@B65]).

Phenotyping procedure in the greenhouse
---------------------------------------

A randomized complete block design (RCBD) with a split plot arrangement was used to screen the panel under greenhouse conditions at the germination and seedling developmental stages. This design included two levels of treatment (flooded vs. non-flooded), where genotypes were considered as sub-plots. Three and four replications were considered for evaluation at germination and seedling stages, respectively.

Phenotyping at both stages was performed at the NDSU greenhouse complex in Fargo, ND following the flooding screening method described in Soltani et al. ([@B65]). To evaluate the panel at the germination stage, ten seeds were sown in a sandy soil. Designated flooding treatment trays were completely submerged in the water for 1 day while control trays were watered regularly. Excess water was drained and germination rate was evaluated for both flooded and non-flooded plots after 2 weeks. For evaluation at seedling stage, two seedlings per genotype were grown under well-drained conditions until reaching the V2 stage. Stress designated pots were transferred to plastic flats that were filled with water up to 2 cm above the soil level. Plants were exposed to this flooding stress for 10 days, at which point the water was drained. Chlorophyll content was measured using the SPAD 502 Chlorophyll Meter (Spectrum Technologies, Inc.), and adventitious root formation was visually scored from 0 (no adventitious root) to 5 (highest adventitious root). The same visual scoring scale (0--5) was used for the survival score in which 0 indicates dead plants and 5 indicate healthy plant with no obvious visual stress symptoms. Following scoring, the seedlings were harvested, washed, and dried in oven for 2 weeks at 38°C. Additional traits were quantified on dried plants, including total weight (TW, g), shoot weight (SW, g), root weight (RW, g), and hypocotyl length (HL, cm).

Phenotyping procedure in the field
----------------------------------

To evaluate how tolerant and susceptible germplasm performs under field conditions, a group of selected genotypes (based on the greenhouse screening) were grown in the field at NDSU in the spring/summer of 2016. Ten susceptible (ADP-4, ADP-19, ADP-10, ADP-62, ADP-670, ADP-648, ADP-428, ADP-462, ADP-440, ADP-5) and 10 tolerant genotypes (ADP-630, ADP-626, ADP-651, ADP-618, ADP-603, ADP-650, ADP-672, ADP-673, ADP-604, Royalty) were planted in a randomized complete block design (RCBD) in a split-plot arrangement, with three replicates per genotype. Each replicate consisted of a two-row plot, with 80 seeds per row. The field was located on the NDSU campus in Fargo, ND (46° 53′58″ N, 96°48′52.3″ W). The soil in this field contains 2% sand, 45% silt, and 53% clay. All the plots were grown under normal well-drained conditions until V2 developmental stage, at which point the designated plots were continuously flooded using a sprinkler irrigation system. After 10 days of flooding, a survival score of each plot was visually estimated from 0 (all plants were dead) to 5 (all plants survived). On the same day, SPAD index of three random plants per line was measured using the SPAD 502 Chlorophyll Meter. Above-ground tissues of three random plants per plot were collected, dried for 2 weeks and weighed.

*Pythium* isolation and pathogenicity test
------------------------------------------

Based on the greenhouse screening results, two genotypes susceptible to excess water conditions (ADP-4 and ADP-41) were grown in a greenhouse at Michigan State University. Plants were grown in top soils obtained from Michigan (MI) and North Dakota (ND). Two distinct soil sources were used in this experiment to account for the potential *Pythium* species variation between regions. Following flooding for 1 week at V2 stage, roots and stems were surface sterilized in fresh 10% bleach and rinsed clean of bleach with sterile water. Plant material was placed on 20% clarified V8 agar amended with ampicillin (250 mg L^−1^), rifampicin (10 mg L^−1^), pimaricin (5 mg L^−1^), and terraclor (133.3 mg L^−1^, Jeffers and Martin, [@B25]). Plates were incubated for 3 days at room temperature and colonies with *Pythium*-like growth were subcultured on 20% V8 agar until a pure culture was obtained. DNA from each pure *Pythium*-like isolate (total *n* = 18, *n* = 6 from North Dakota, *n* = 12 from Michigan) was extracted by repeated freeze-thaw and the internal transcribed spacer (ITS) region was amplified with the primer pair ITS1F and ITS4R (White et al., [@B75]) following the conditions published previously (Kageyama et al., [@B27]) using high-fidelity Pfu Turbo DNA Polymerase (Agilent, Santa Clara, SA, USA). PCR amplification was checked with gel electrophoresis and amplicons were purified with the Wizard SV Gel and PCR Clean-up System (Promega, Madison, WI, USA). Amplicons were quantified fluorometrically with the Qubit (Thermo Fisher, Waltham, MA, USA) and sequenced at the Michigan State Genomics Core. ITS sequences were deposited in NCBI under accession numbers: from [MH109027](MH109027) to [MH109043](MH109043). ITS sequences were identified with BLASTn against the nt database. The hits with the lowest E-value were selected as the most significant match.

To evaluate the interaction of flooding and *Pythium* on plant performance, we conducted a controlled growth chamber experiment. Five tolerant (ADP-673, ADP-604, ADP-672, ADP-650, ADP-603) and five susceptible (ADP-4, ADP-41, ADP-122, ADP-20, ADP-19) genotypes were selected based on SPAD values measured during the initial greenhouse experiment. Seed surfaces were sterilized using 2% bleach and seeds were sown in fine vermiculite under controlled growth chamber condition with 25/20 °C day/night temperatures and a 16-h day photoperiod. At the V2 growth stage, plants were exposed to three treatments: flooding without any inoculation, flooding in presence of *P. ultimum*, and flooding in presence of *P. irregulare. P. ultimum* and *P. irregulare* were the isolates recovered from ND and MI soils, respectively (see Results). Inoculum of both species was prepared by growing isolates on a semi-selective medium, CMA-PARP (Jeffers and Martin, [@B25]) amended with benomyl (10 μg/mL, CMA-PARPB) for 2 or 3-days. Sterile white millet grain (1.6 Kg) was inoculated with 1 cm^2^ plugs from two 100 × 15 mm culture plates. Inoculated white millet was incubated at room temperature for 14 days, with mixing every other day to allow even colonization of all grains. The inoculum was air-dried prior to use and three grams of inoculum was added to each pot. Four replicates were evaluated for each treatment/genotype combination. After 1 week, chlorophyll content (SPAD) of primary leaves was measured using a MultiSpeQ (Kuhlgert et al., [@B33]).

Statistical analysis
--------------------

Due to non-homogenous error variances, the germination rate, survival scores, and adventitious root formation data were transformed using the Box-Cox method (Box and Cox, [@B10]). All the greenhouse and field phenotypic data were analyzed by fitting mixed model ANOVAs in SAS 9.3 using PROC MIXED. In this model, genotypes and treatments were considered as fixed effects and replicates as random effects.

The flooding index was calculated for each trait/genotype using Equation (1): $$\begin{array}{l}
{Flooding\ index\ {({FI})} = \frac{Flooding\ value\  - \ non\ flooding\ value}{non\ flooding\ value}} \\
\end{array}$$

To select the most tolerant lines from the whole panel, the following selection index was developed: $$\begin{array}{l}
\left. \text{Selection~index} = {({2 \times \text{survival~score}})} + \middle| \text{SPAD~FI} \middle| + \middle| \text{Root~FI} \right| \\
{+ \text{adventitious~root~rate}} \\
\end{array}$$

In this index, a 2-fold higher weight was assigned to the survival score, as it plays a more important role in breeding for flooding tolerance. The Pearson correlation coefficients were calculated using psych (Revelle, [@B56]) and plotted using corrplot package (Wei and Simko, [@B74]) in R (R Development Core Team., [@B54]). Biplot was plotted by using ggbiplot in R environment. Broad-sense heritability and genetic variances were estimated by the method described by Holland et al. ([@B22]).

Population structure and phylogenetic relationships
---------------------------------------------------

For structure and phylogenetic analysis, a set of SNP markers with linkage disequilibrium (LD) *r*^2^ of 0.10 or lower was selected using SNPhylo pipeline (Lee et al., [@B35]). SNP markers were generated by using a low-pass sequencing protocol described by Schröder et al. ([@B61]). The libraries sequenced at Hudson Alpha Institute for Biotechnology. Fastx barcode splitter and Fastx trimmer were used for splitting the barcodes and trimming the data respectively. A default quality threshold of 20 and a minimum trimmed length of 80 bp were applied using sickle (Joshi and Fass, [@B26]). GATK UnifiedGenotyper (McKenna et al., [@B45]; v3.3) with minimum confidence threshold of 30, was applied to call the SNPs. Population structure was analyzed using the STRUCTURE V2.3.4 (Pritchard et al., [@B53]). This analysis was performed using 10,000 burn-in and 100,000 Markov chain Monte Carlo repetitions. To define the number of subpopulations (K) in the panel, K was tested from 1 to 10 with five iterations for each run. The optimal K was then identified using the nonparametric Wilcoxon test between adjacent runs (McClean et al., [@B44]). The estimated cluster coefficient matrices from different replications were then imported to CLUMPP (Jakobsson and Rosenberg, [@B24]) to obtain a single permutated matrix for each K. The visual representation of populations was plotted using the STRUCTURE PLOT (Ramasamy et al., [@B55]). The phylogenetic tree was constructed using SNPhylo and Maximum Likelihood algorithm.

Genome-wide association study
-----------------------------

GAPIT (Lipka et al., [@B38]) was used for GWAS. A total of 203,574 SNP markers with MAF ≥ 5% were used in this analysis. Multiple models were tested for each trait as explained previously in Moghaddam et al. ([@B49]) under both flooded and non-flooded conditions. The first two principal components were used to account for population structure (cumulatively controlled \~25% of the variation). The best model was selected based on the lowest mean square difference (MSD, Mamidi et al., [@B43]). The final Manhattan plots were created using the R package "gap" (Zhao, [@B78]). Significant SNPs in GWAS were determined using two cutoff thresholds based on the empirical distribution of the *P*-values after 100 bootstraps: (i) a stringent cutoff where SNPs fall in the lower 0.01 percentile tail and (ii) a relaxed cutoff where SNPs fall in the 0.1 percentile tail. The phenotypic variation explained by most significant markers (which was defined as the markers with lowest *P*-value) in the best model was calculated based on the likelihood-ratio-based *r*^2^ (Sun et al., [@B68]) using the genABLE package in R (Aulchenko et al., [@B3]), which controls for structure and/or relatedness. A search for candidate genes was performed using the annotation data from the V 2.1 of the bean genome sequence (phytozome.org) within ± 100 Kb from the most significant marker.

Results {#s3}
=======

Distribution of data and analysis of variance
---------------------------------------------

The phenotypic distribution of each trait was plotted separately for each treatment (Figure [1](#F1){ref-type="fig"}). Significant differences between treatments were detected for four traits including germination rate, total weight, shoot weight, and root weight (Table [1](#T1){ref-type="table"}). However, SPAD index and hypocotyl length were not affected by the treatment. Significant differences were detected among genotypes for all the measured traits regardless of the treatment. Significant interactions between treatment × genotype were found for germination rate, total weight, root weight, and SPAD index.

![Bean plots represent the distribution of traits in non-flooded (black) and flooded (gray) conditions. The units of y-axis for each trait was mentioned after the name of the trait on the top of each graph. The arrows indicate the values of tolerant check (Royalty) for each condition. The dotted lines indicates the total means under both flooding and control conditions. No adventitious root or survival reduction was observed in control condition.](fpls-09-00767-g0001){#F1}

###### 

Results of ANOVA for eight traits.

                         **Treatment**                                **Genotype**     **Treatment × Genotype**                                                                                 
  ---------------------- -------------------------------------------- ---------------- -------------------------- ---- ---- --------------------------------------------- ---------------- ---- -------------------------------------------
  Germination rate       8271.93[^\*\*^](#TN2){ref-type="table-fn"}   85.813 ± 0.692   20.617 ± 0.896             13   72   3.57[^\*\*\*^](#TN3){ref-type="table-fn"}     53.215 ± 1.497   66   1.78[^\*\*\*^](#TN3){ref-type="table-fn"}
  Root weight            27.30[^\*^](#TN1){ref-type="table-fn"}       0.294 ± 0.005    0.072 ± 0.002              28   45   0.02[^\*\*\*^](#TN3){ref-type="table-fn"}     0.183 ± 0.005    70   0.01[^\*\*^](#TN2){ref-type="table-fn"}
  Shoot weight           15.89[^\*^](#TN1){ref-type="table-fn"}       0.608 ± 0.007    0.438 ± 0.004              20   17   0.06[^\*\*\*^](#TN3){ref-type="table-fn"}     0.523 ± 0.005    25   0.02
  Total weight           84.84[^\*^](#TN1){ref-type="table-fn"}       0.903 ± 0.011    0.510 ± 0.005              20   18   0.12[^\*\*\*^](#TN3){ref-type="table-fn"}     0.707 ± 0.010    34   0.04[^\*\*^](#TN2){ref-type="table-fn"}
  SPAD                   35918                                        44.681 ± 0.184   36.585 ± 0.369             7    17   109.43[^\*\*\*^](#TN3){ref-type="table-fn"}   40.633 ± 0.267   16   78.18[^\*^](#TN1){ref-type="table-fn"}
  Hypocotyl length       26.38                                        5.862 ± 0.064    6.082 ± 0.067              18   18   8.65[^\*\*\*^](#TN3){ref-type="table-fn"}     5.972 ± 0.046    18   0.75
  Adventitious root^†^   --                                           −                1.684 ± 0.049              --   49   0.32[^\*\*\*^](#TN3){ref-type="table-fn"}     1.684 ± 0.049    49   --
  Survival score         --                                           −                1.959 ± 0.049              --   42   0.72[^\*\*\*^](#TN3){ref-type="table-fn"}     1.959 ± 0.049    42   --

*Significant at 0.05 probability level*.

*Significant at 0.01 probability level*.

*Significant at 0.001 probability level. Adventitious root was observed only in flooded condition*.

Several tolerant genotypes were identified that can be used as parental lines in breeding programs (Tables [S1](#SM3){ref-type="supplementary-material"}, [S2](#SM3){ref-type="supplementary-material"}). The most tolerant genotype at germination is ADP-429 (PR9920-171, Table [S1](#SM3){ref-type="supplementary-material"}), which has a Cranberry seed type. ADP-604 (1062-V98, Table [S2](#SM3){ref-type="supplementary-material"}) which is a light red kidney bean showed significant levels of tolerance under both flooding and *Pythium* presence at the seedling stage. This line can be used in breeding programs as a donor parent.

Population structure
--------------------

A total of 3,668 SNP markers with local pairwise LD *r*^2^ ≤ 0.1 were identified. This subset of markers was used for both structure analysis and phylogenetic tree construction. Genotypes with subpopulation membership (*Q*) estimates lower than 0.80 were considered as "admixed". At *K* = 2, a subpopulation of 20 genotypes with a Middle American origin was identified with an average subpopulation membership value of 0.99 (Figure [2A](#F2){ref-type="fig"}). At *K* = 3, the Northern American germplasm was separated from the African and Middle American genotypes (Figure [2A](#F2){ref-type="fig"}). Based on the Wilcoxin test, *K* = 4 was identified as the optimum number of subpopulations (Figure [2A](#F2){ref-type="fig"}). At *K* = 4, four subpopulations (Table [S3](#SM3){ref-type="supplementary-material"}) were identified, including (1) Tanzania: a subset of 18 genotypes that all originated from Tanzania; (2) Africa: the majority of genotypes (*n* = 173; 71%) originated from Africa; (3) North America: a subset of 67 genotypes that contains 89% North American genotypes; and (4) Middle America: a subset of 20 genotypes with Middle American origin. A phylogenetic tree was constructed to evaluate the relationship among genotypes and subpopulations (Figure [2B](#F2){ref-type="fig"}). Based on this analysis, genotypes with Middle American origin were phylogenetically closer to genotypes with North American origin.

![Population classification using a subset of 3,668 markers that had LD *r*^2^ ≤ 0.1 (markers in linkage equilibrium). **(A)** Population structure from *K* = 2 to *K* = 4. K indicates the number of subpopulations. NA, North America; MA, Middle America **(B)** phylogenetic tree of genotypes, constructed by using SNPhylo. The colors of subpopulations were the same as population structure plot (*K* = 4).](fpls-09-00767-g0002){#F2}

Correlation between population structure and phenotypes
-------------------------------------------------------

To investigate the potential relationship of population structure and the traits considered here, admixed genotypes (genotypes with *Q* estimates lower than 0.80) were removed from each subpopulation and the means of each subpopulation were estimated. In the non-flooded condition, the North American subpopulation had significantly higher values for germination rate, total weight, shoot weight, and root weight (Table [2](#T2){ref-type="table"}). For hypocotyl length, the North American and Middle American subpopulations were at least one centimeter longer compared with the other two subpopulations. The Tanzania subpopulation, with 45.82 units, had the highest value for SPAD index compared with other subpopulations in non-flooded condition. In flooded condition, Middle American subpopulation had the highest hypocotyl length (7.21 cm), and adventitious root formation (1.96). However, North American subpopulation had the highest values for total weight (0.58 g), shoot weight (0.50 g), SPAD index (38.21), and survival score (2.17) in the flooding treatment.

###### 

Trait means for the four major subpopulations.

                          **Non-flooded**                          **Flooded**                                                
  ----------------------- ---------------------------------------- ------------- -------- -------- -------- -------- -------- --------
  Germination rate (%)    84.09a[^†^](#TN4){ref-type="table-fn"}   84.36a        90.92b   85.26a   19.47a   20.87a   20.43a   23.08a
  Total weight (g)        0.87a                                    0.88a         1.04b    0.83a    0.50a    0.45b    0.58c    0.48ab
  Shoot weight (g)        0.58a                                    0.59ab        0.70c    0.54b    0.44a    0.40b    0.50c    0.39b
  Root weight (g)         0.28a                                    0.28a         0.33b    0.29a    0.06a    0.05a    0.08b    0.08b
  Hypocotyl length (cm)   5.26a                                    5.21a         6.79b    6.84b    5.49a    5.45a    6.78b    7.21c
  SPAD index              45.82a                                   43.24b        44.65c   42.56b   36.61a   34.18b   38.21a   33.31b
  Adventitious root ‡     --                                       --            --       --       1.59a    1.56a    1.74b    1.96c
  Survival score          --                                       --            --       --       1.68a    1.80ab   2.17b    1.86ab

*Means followed by the same letter in each row are not significantly different at 0.05 probability level. ‡ Adventitious root was observed only in flooded condition*.

Population structure was not correlated with the flooding indices of germination rate, shoot weight, and hypocotyl length (Figure [3](#F3){ref-type="fig"}). Flooding index for chlorophyll content (SPAD index) was significantly higher in North American subpopulation, However, a significant higher flooding index for root weight was detected in Middle American subpopulation.

![Flooding indices of different subpopulations. Groups were color-coded based on the results of population structure plot (*K* = 4, Figure [2](#F2){ref-type="fig"}). Boxplots indicated by the same letter for each trait are not significantly different at 0.05 probability level.](fpls-09-00767-g0003){#F3}

Broad-sense heritability estimates and genetic variances
--------------------------------------------------------

Broad-sense heritability and genetic variance of each trait were estimated in both flooded and non-flooded conditions (Table [3](#T3){ref-type="table"}). Results indicate that the heritability estimate of germination rate in flooded condition was two times higher than the non-flooded condition (67.55 and 29.85, respectively). However, the heritability of SPAD index in non-flooded condition (65.69) was three times higher than the flooded condition (22.70).

###### 

Broad-sense heritabilities and genetic variances of traits.

  **Trait**             **Parameter**                          **Non-flooded**   **Flooded**    **Flooding index**
  --------------------- -------------------------------------- ----------------- -------------- --------------------
  Germination rate      H^2^[^†^](#TN5){ref-type="table-fn"}   29.85 ± 7.41      67.55 ± 3.38   45.98 ± 5.71
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     0.1681            0.8344         0.0103
  Total weight          H^2^                                   53.91 ± 4.58      54.84 ± 4.43   0.00 ± 0.00
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     0.0175            0.0046         0.0000
  Shoot weight          H^2^                                   51.03 ± 4.87      56.01 ± 4.32   0.00 ± 0.00
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     0.0074            0.0030         0.0000
  Root weight           H^2^                                   36.21 ± 6.35      43.17 ± 5.56   31.35 ± 6.86
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     0.0024            0.0004         0.0090
  Hypocotyl length      H^2^                                   80.22 ± 1.95      81.04 ± 1.87   0.00 ± 0.00
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     0.9330            1.0062         0.0000
  SPAD index            H^2^                                   65.69 ± 3.38      22.70 ± 7.59   21.09 ± 7.85
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     6.2106            8.6574         0.0040
  Adventitious root ‡   H^2^                                   --                44.16 ± 4.76   --
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     --                0.0420         --
  Survival score        H^2^                                   --                22.00 ± 6.22   --
                        $\sigma_{\mathit{G}}^{\mathit{2}}$     --                0.0498         --

*Broad-sense heritability was quantified using $\frac{\sigma_{\mathit{G}^{\mathit{2}}}}{\sigma_{\mathit{G}}^{\mathit{2}} + \frac{\sigma_{\mathit{e}}^{\mathit{2}}}{\mathit{r}}}$, in which $\sigma_{\mathit{G}}^{\mathit{2}}$ is the genetic variance, $\sigma_{\mathit{e}}^{\mathit{2}}$ is the residual variance, and r is the number of replicates. ‡ Adventitious root was observed only in flooded condition*.

Genetic variances of total weight, shoot weight, and root weight were higher (4, 2.5 and 6-fold, respectively) in non-flooded condition. However, genetic variance was higher in flooded condition for germination rate and SPAD index (5 and 1.5-fold, respectively). The genetic variances of hypocotyl length were similar between flooded and non-flooded conditions.

Correlation and biplot analysis
-------------------------------

To investigate the relationship among variables, a correlation analysis was performed among all traits (Figure [4A](#F4){ref-type="fig"}). A strong positive correlation (*r* = 0.74, *P* \< 0.001) was detected between survival score and degree of adventitious root formation in flooded condition. Furthermore, a strong positive correlation (*r* = 0.82, *P* \< 0.001) was detected between adventitious root formation and root weight. Biplot analysis on flooding indices also revealed the existence of strong positive correlations among adventitious root formation, survival score, and SPAD index (Figure [4B](#F4){ref-type="fig"}). The results also indicated that hypocotyl length and germination rate were among the variables with the lowest variance in the PCA.

![Relationship among traits. **(A)** Pearson correlation coefficients among traits measured under flooded and non-flooded. Correlation coefficients multiplied by 100. **(B)** Biplot representing the relationship among different flooding indices used to separate genotypes. Traits evaluated in non-flooded and flooded conditions represented by \_N and \_F, respectively after the name of the trait. TW, total weight; SW, shoot weight; RW, root weight; HL, hypocotyl length; SI, SPAD index; GR, germination rate; AR, adventitious root formation; SS, survival score and SDWT, seed weight.](fpls-09-00767-g0004){#F4}

Field evaluation and *pythium* pathogenicity test
-------------------------------------------------

A subset of Andean genotypes were grown under the flooded and non-flooded conditions in the field and evaluated for three traits including survival score, SPAD index, and shoot weight (Table [S4](#SM3){ref-type="supplementary-material"}). Among the traits evaluated under the flooding condition, shoot weight (SW_GH), and SPAD index (SI_field) had the highest correlation (*r* = 0.65, *P* = 0.002) between greenhouse and field data (Figure [S1](#SM1){ref-type="supplementary-material"}). A significant but moderately strong positive correlation (*r* = 0.55, *P* = 0.01) was detected between survival scores measured in the field and in the greenhouse. In contrast, no significant correlation was detected between SPAD index evaluated in the greenhouse and the field.

The lack of a significant correlation between greenhouse and field SPAD data suggested that an unmeasured variable might be affecting the flooding response. To investigate the potential role of pathogen infestation under flooding conditions, susceptible genotypes were grown under flooded conditions in two different soil sources (MI and ND). In total, 18 *Pythium*-like isolates were obtained. Twelve isolates from MI soil were similar (96 or 98% identity) to *P. irregulare* based on their ITS sequences (Table [S5](#SM3){ref-type="supplementary-material"}). *Pythium*-like isolates obtained from the ND soil were identified as being closely related to either *P. ultimum* (95% identity, 5 isolates) or *P. sylvaticum* (97% identity, one isolate).

Ten bean genotypes were subjected to a pathogenicity test for the two dominant *Pythium* isolates (*P. irregulare* and *P. ultimum*). The results indicate that tolerant genotypes have on average 16% significantly higher SPAD values across treatments (Figure [S2A](#SM2){ref-type="supplementary-material"}). In particular, the differences between tolerant and susceptible genotypes for SPAD index are more drastic in the presence of *P. irregulare* (Figure [S2B](#SM2){ref-type="supplementary-material"}).

Genome-wide association study
-----------------------------

To identify the genetic architecture of traits under flooded condition, GWAS was performed for all traits in both flooded and non-flooded conditions (Figure [5](#F5){ref-type="fig"} and Table [4](#T4){ref-type="table"}). Overall, 45 significant peaks were identified for eight traits across treatments, from which 19 and 22 peaks were identified only under non-flooded or flooded condition, respectively (Table [4](#T4){ref-type="table"}). Four peaks were identified in both treatment conditions. The peak on Pv07/24.4, which was associated with hypocotyl length, possessed the highest *r*^2^ (*r*^2^ = 17.22) among flooding responsive peaks. The peak on Pv02/32.0 that was associated with root weight had the highest *r*^2^ (*r*^2^ = 18.02) among non-flooded peaks (Table [4](#T4){ref-type="table"}). A region on Pv08/59--62.3 Mb was detected that was associated with five traits under flooded condition, including total weight, shoot weight, SPAD index, adventitious root formation, and the survival score. Potential candidate genes for these loci are reported in Table [S6](#SM3){ref-type="supplementary-material"}.

![Manhattan and corresponding Q-Q plots represents the genetic architecture of different traits under flooded and non-flooded condition. Position of loci associated with seven traits in non-flooded and flooded conditions are represented. Blue dots in Manhattan plots represent SNPs falling between 0.01 and 0.1 percentile tail of the empirical distribution of *P*-values. Red dots represent SNPs that pass the 0.01 percentile. The name of the model selected for each trait/ treatment was mentioned on the right side of Q-Q plots.](fpls-09-00767-g0005){#F5}

###### 

Major loci associated with traits in non-flooded and flooded conditions.

                             **Trait**     **Locus abbr**.   **Chr**   **Position**   **Class[^†^](#TN6){ref-type="table-fn"}**   **-log10 (*P*-value)**   ***r^2^***
  -------------------------- ------------- ----------------- --------- -------------- ------------------------------------------- ------------------------ ------------
  **GERMINATION RATE**                                                                                                                                     
                             Non-flooded   Pv01/49.8         1         49,760,345     NF                                          4.07                     13.33
                                           Pv04/6.4          4         6,446,043      NF                                          4.12                     12.40
                                           Pv05/36.5         5         36,523,875     NF                                          5.12                     15.68
                                           Pv09/33.4         9         33,436,855     NF                                          4.92                     16.33
                                                                                                                                                           36.26
                             Flooded       Pv04/45.7         4         45,724,128     F                                           5.19                     13.03
                                           Pv06/16.0         6         16,034,362     F                                           5.47                     14.31
                                           Pv08/3.2          8         3,260,637      F                                           5.48                     14.30
                                                                                                                                                           20.59
  **TOTAL WEIGHT**                                                                                                                                         
                             Non-flooded   Pv08/7.5          8         7,494,340      NF                                          5.28                     16.51
                             Flooded       Pv05/1.2          5         1,163,339      both ‡                                      5.41                     15.89
                                           Pv08/59.1         8         59,069,546     F                                           5.25                     15.35
                                                                                                                                                           22.17
  **SHOOT WEIGHT**                                                                                                                                         
                             Non-flooded   Pv08/7.5          8         7,494,340      NF                                          5.20                     15.77
                             Flooded       Pv05/1.2          5         1,163,367      both                                        5.21                     15.89
                                           Pv08/59.1         8         59,069,546     F                                           5.11                     15.58
                                                                                                                                                           21.34
  **ROOT WEIGHT**                                                                                                                                          
                             Non-flooded   Pv01/28.5         1         28,497,505     NF                                          4.77                     17.11
                                           Pv02/32.0         2         32,055,514     NF                                          4.80                     18.02
                                           Pv05/1.3          5         1,296,877      NF                                          4.53                     16.86
                                           Pv06/14.9         6         14,869,116     NF                                          4.66                     17.46
                                           Pv10/1.0          10        1,023,101      NF                                          4.93                     17.41
                                                                                                                                                           36.97
                             Flooded       Pv08/62.3         8         62,282,561     F                                           4.95                     12.90
                                           Pv09/13.5         9         13,549,503     F                                           5.04                     15.26
                                                                                                                                                           21.64
  **HYPOCOTYL LENGTH**                                                                                                                                     
                             Non-flooded   Pv04/0.2          4         177,101        NF                                          4.37                     12.09
                                           Pv05/13.9         5         13,923,936     NF                                          4.82                     12.63
                                           Pv05/35.7         5         35,759,769     NF                                          4.42                     11.54
                                           Pv10/0.4          10        384,405        NF                                          4.23                     11.02
                                           Pv11/52.9         11        52,955,904     both                                        4.50                     11.77
                                                                                                                                                           39.75
                             Flooded       Pv03/46.9         3         46,914,727     F                                           3.82                     10.31
                                           Pv07/24.4         7         24,450,920     F                                           6.00                     17.22
                                           Pv09/7.8          9         7,809,795      F                                           4.25                     11.62
                                           Pv11/52.9         11        52,955,972     both                                        4.72                     13.29
                                                                                                                                                           33.05
  **SPAD INDEX**                                                                                                                                           
                             Non-flooded   Pv01/3.9          1         3,931,202      NF                                          4.89                     13.74
                                           Pv03/50.0         3         50,059,460     NF                                          4.03                     10.73
                                           Pv07/38.3         7         38,274,271     NF                                          4.39                     12.44
                                           Pv09/11.5         9         11,514,939     NF                                          4.51                     9.86
                                                                                                                                                           29.94
                             Flooded       Pv06/24.3         6         24,294,817     F                                           3.73                     12.21
                                           Pv07/8.1          7         8,083,989      F                                           4.04                     10.04
                                           Pv08/61.1         8         61,080,306     F                                           4.51                     11.41
                                                                                                                                                           27.74
  **ADVENTITIOUS ROOTS §**                                                                                                                                 
                             Flooded       Pv07/28.7         7         28,690,630     F                                           3.78                     9.70
                                           Pv08/62.3         8         62,270,633     F                                           4.26                     10.24
                                           Pv09/13.5         9         13,549,503     F                                           4.49                     11.47
                                           Pv09/20.2         9         20,230,630     F                                           4.01                     10.30
                                                                                                                                                           33.60
  **SURVIVAL SCORE**                                                                                                                                       
                             Flooded       Pv02/47.3         2         47,348,500     F                                           3.65                     10.73
                                           Pv04/46.8         4         46,852,214     F                                           4.56                     12.15
                                           Pv07/4.7          7         4,735,092      F                                           4.65                     13.73
                                           Pv09/19.1         9         19,108,550     F                                           3.62                     6.02
                                           Pv10/1.5          10        1,471,633      F                                           4.66                     13.06
                                                                                                                                                           37.82

*Classification was based on detection of QTL in each treatment. NF = QTL only detected in the non-flooded condition. F = QTL detected in flooding condition and both = QTL were detected in both treatments (non-flooded vs. flooded). ‡ The QTL on Pv05/1.2 associated with total and shoot weight was identified in both flooded and non-flooded conditions. Under the non-flooded condition, the significant markers are falling between 0.01 and 0.1 percentile tail of the empirical distribution of P-values, however in flooded condition, it passes the 0.01 percentile. For more clarifications, refer to Figure [5](#F5){ref-type="fig"}. § Adventitious root was observed only in flooded condition*.

Discussion {#s4}
==========

Flooding tolerance traits in both Andean and Middle American gene pools are consistently complex, being controlled by several loci. In the Andean gene pool (current study), higher genetic diversity was detected under flooding condition for traits that are related to plant fitness, including germination rate and leaf chlorosis that was measured by SPAD. Leaf chlorosis can be considered as a trait related to fitness since chlorotic plants will produce less offspring. However, morphometric traits, including total weight, shoot weight, and root weight, had higher genetic variability ($\sigma_{G}^{2}$) in non-flooded condition. These results are similar to the results of a flooding experiment conducted with the Middle American diversity panel (Soltani et al., [@B65]). In general, it has been proposed that genetic diversity of traits related to fitness should be higher in stress conditions, with the opposite expected for morphometric traits (Visscher et al., [@B73]).

Survivability of andean germplasm under excess water condition at germination stage
-----------------------------------------------------------------------------------

At the germination stage, the Andean diversity panel performed poorly under flooding condition. Indeed, just 1% of the genotypes had a germination rate equal or greater than the tolerant check (Royalty).

A genetic factor for germination rate under flooded conditions was located at Pv08/3.2 Mb, \~1.5 Kbp upstream of *Phvul.008G039400*, homologous to *SnRK1.1*. Plant SnRK family members are classified into three major groups (SnRK1, SnRK2, and SnRK3) and play a crucial role in responses to different abiotic stresses (Arzani and Ashraf, [@B2]). SnRK1 genes, particularly SnRK1.1 and SnRK1.2, were identified as the central components of regulatory mechanisms under hypoxic condition (Baena-González et al., [@B4]; Loreti et al., [@B40]). In rice, it was shown that SnRK1A is involved in triggering the starvation inducible α-amylase gene activity, which consequently leads to better germination under flooded conditions (Lee et al., [@B34]). snRK1A and trehalose-6-phosphate function synergistically and enable efficient germination and plant establishment under hypoxic conditions (Loreti et al., [@B41]). Interestingly, a region at Pv02/41 Mb in the Middle American diversity panel was associated with germination rate under flooding (Soltani et al., [@B65]). This region was located near trehalose-6-phosphate synthase. Thus, while the main genomic regions that control seed germination under flooding conditions are different between the Andean and Middle American gene pools, the functional genes might be involved in the same biological pathway.

Response of andean genotypes to flooding stress at seedling stage
-----------------------------------------------------------------

Traits associated with survivability have proved useful in the identification of the most tolerant genotypes to different abiotic stresses, such as salinity (Rezaei et al., [@B57]). Therefore, a weighted selection index was developed in which a 2-folds higher weight was assigned to the survival score. Selection indices greater than or equal to ten were chosen as the most tolerant lines. These lines comprise 6% of the whole panel and include Royalty, the tolerant check.

Furthermore, the significant correlation between greenhouse and field data for the survival score indicates that greenhouse evaluations can be a useful selection tool in breeding programs. The non-significant correlation between field and greenhouse for SPAD index may reflect the influence of other factors, such as presence of different *Pythium* species or variations in soil nutrient content in different geographical regions.

Several genes, involved in leaf senescence and chlorophyll degradation were detected in vicinity of a QTL associated with survival score under flooding condition. The gene *ICS2*, involved in salicylic acid biosynthesis, was detected at Pv10/1.5 Mb. This gene is expressed constitutively in vascular tissues and contributes to defense mechanism of plants against diseases (Macaulay et al., [@B42]). Indeed, several experiments on soybean reported the co-localization of the flooding-related QTL with disease related genes, particularly for *P. sojae* (Cornelious et al., [@B14]; Helms et al., [@B20]; Nguyen et al., [@B50]; Valliyodan et al., [@B71]). In dry bean, flooding triggers pathogenesis by *Pythium* spp. (Li et al., [@B37]). In our previous study on flooding responses in Middle American germplasm (Soltani et al., [@B65]), symptoms of root diseases such as damping-off, root rot, and root necrosis were not detected. In contrast, these symptoms were observed in this study for the majority of flooding susceptible Andean genotypes. *Pythium* spp. were isolated from susceptible genotypes grown under flooding condition, which indicates the potential role of root diseases triggered by excess soil water. This finding suggests that breeding for flooding tolerance in the Andean germplasm should include enhancing resistance to root diseases.

Our results also indicate that under flooding conditions, susceptibility of genotypes to *Pythium* infestation, is associated with a significant decrease in chlorophyll content. In general, it is known that Andean genotypes are more susceptible to root rot diseases, particularly *Fusarium* (Bilgi et al., [@B6]). The response of Andean genotypes to different *Pythium* spp. should be investigated in future studies.

Adventitious root formation is highly correlated with survival score and potentially contributed to survivability of plants under flooding condition. Adventitious root formation in flooding conditions is an escape strategy by which plants improve the oxygen delivery from surrounding environments to the internal tissues as well as improving nutrition absorption (Steffens and Rasmussen, [@B67]). Formation of adventitious roots is promoted by higher concentration of auxin and lower levels of cytokinin (Steffens and Rasmussen, [@B67]). Several genes, involved in auxin and cytokinin metabolism and translocation were identified in close proximity of detected QTL for adventitious root and root weight. For instance, a locus associated with root weight and adventitious root formation was identified on Pv09/13.5 Mb. This locus is in close proximity of *SLOMO*, which is involved in spatial distribution of auxin in plants (Lohmann et al., [@B39]). *CKX7*, which is involved in cytokinin catabolism (Köllmer et al., [@B32]) was also located in this region. Another significant QTL was detected at Pv08/62.3 Mb is associated with root weight and adventitious root formation under flooding condition. This QTL resides at \~43 Kb downstream of Root Growth Factor 1 Insensitive 4 (RGI4, Ou et al., [@B52]). This gene belongs to leucine-rich receptor-like protein kinase (LRR-RLKs) and function as a receptor for Root Growth Factor 1 (*RGF1*). *RGF1* is a secreted peptide hormone that regulates root meristem development in *Arabidopsis*. Mutants of *RGI4* display a drastic reduction in root formation in *Arabidopsis* (Ou et al., [@B52]).

Comparison of response to flooding in andean and middle american germplasm
--------------------------------------------------------------------------

Based on the population structure analysis, *K* = 4 was defined as the optimal number of subpopulations. The Middle American subpopulation was the most distant subpopulation from the other three. The members of this group, which were collected from Africa and the Caribbean, were reported to originate from the Middle American gene pool (Cichy et al., [@B12]). Better performance of this group, particularly for root weight, may indicate the existence of root rot resistance allele(s), which originated from Middle American gene pool. Middle American genotypes were phylogenetically closer to genotypes collected mainly from North America. The Middle American subgroup possessed the longest hypocotyl length and highest adventitious root formation. A longer internode length has previously been observed in bean varieties adapted to lowland conditions, where the occurrence of excess water is more frequent (Aidar et al., [@B1]). This morphology might be an adaptive strategy for keeping the leaves and pods away from soil moisture and potential diseases. Interestingly, Royalty, which is one of the most tolerant genotypes to flooding possessed a long hypocotyl compared with other genotypes. Furthermore, flooding indices of root weight for Middle American genotypes were significantly higher than other subpopulations, which might be related to their ability to change their root architecture and formation of more adventitious roots.

Conclusion {#s5}
==========

Survivability of Andean genotypes is greatly compromised by the presence of excess moisture in the soil. Lower survivability of Andean beans can be the direct result of root rot pathogens, particularly *Pythium* spp. that can spread efficiently in moist soils. Several QTL were identified that can be used for marker-assisted selection. These QTL can be considered as Andean-specific QTL since they were not detected in our previous study with the majority of Middle American germplasm. The QTL region at Pv08/59--62.3 Mb, which is associated with several traits under flooding conditions, could prove useful in marker-assisted selection. Furthermore, QTL at Pv07/4.7 Mb can be used to improve the survival score of the plants under flooding condition. Biparental QTL analysis using the distinct parental genotypes can be highly valuable in revealing rare alleles that are not detectable in GWAS. Furthermore, bulked-segregant analysis (BSA, Michelmore et al., [@B47]) can be employed to identify significant QTL. This approach was recently used to develop molecular markers linked to *Bean common mosaic virus* (BCMV) resistance in common bean (Bello et al., [@B5]). Screening variation in wild beans, as well as different closely related species, is indispensable for detecting novel sources of tolerance to flooding that can be introgressed into the existing Andean germplasm. Comparative expression and metabolomics analysis between the most tolerant and susceptible genotypes will be crucial to reveal the mechanistic pathways controlling responses to flooding.
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